Microemulsions with limited stability in mimetic gastrointestinal environments have previously demonstrated potential for the effective removal of ammonia from artificial colonic fluid. Specialized pH-sensitive microemulsion-based gels for the removal of colonic ammonia (MBG-RCA), however, possess relative stability in the gastrointestinal (GI) tract of normal rats, indicating potential use in in vivo applications. An investigation of the effects of oral MBG-RCA was conducted in order to evaluate the reduction of intestinal ammonia and the prevention of hepatic encephalopathy (HE) in rat models. Eighty rats were allocated into eight 4-day treatment groups: The HE model (intraperitoneal injection of thioacetamide) group; the high-, medium-and low-dose MBG-RCA therapeutic groups (15, 10 and 5 ml/kg MBG-RCA, respectively); and the normal, blank, lactulose and acetic acid control groups, each of which received daily treatment administration. Oral MBG-RCA effects were identified using behavioral monitoring observed by an infrared night vision supervisory control system, electroencephalograms, blood ammonia levels, intestinal ammonia levels, liver functionality and pathological observation. High-and medium-dose oral administrations of MBG-RCA significantly decreased the blood and intestinal ammonia levels (P<0.05), improved liver functionality and reduced the clinical manifestations of HE in rats. MBG-RCA demonstrated high clearance of rat colonic ammonia while maintaining sufficient stability in the GI tract, indicating the potential for the development of new clinically relevant oral preparations for the prevention of HE. Additionally, such preparations are advantageous in that ammonia is eliminated without the production of potentially harmful metabolic byproducts.
Introduction
Elimination of excess ammonia is the primary method of prevention and treatment of hepatic encephalopathy (HE), a progressive condition in which neurological function is impaired as the liver fails to remove toxic metabolites, particularly ammonia, from the bloodstream. The majority of intestinal ammonia is produced in the colon; however, no clinically viable oral treatment exists for the elimination of this excess ammonia, resulting in continuous low clearance levels due to poor ammonia elimination in the body.
HE is a syndrome caused by serious hepatic diseases as a result of metabolic disturbance and dysfunction of the central nervous system. Its clinical manifestation includes deposition changes, ethological abnormalities and mental retardation. In severe cases, it may develop into a coma or even be life-threatening. A number of researchers have divided HE into three categories: Type A is associated with acute liver failure; type B is caused by severe portosystemic shunting without liver disease; and type C is associated with chronic liver disease and hepatic cirrhosis (1) . Acute liver failure models are well recognized as a representative model of type A HE. These models may be used to examine the pathological response of HE to various treatment methods in animal models (2) . HE may occur for a variety of reasons, and it is widely associated with numerous other pathological conditions. The classic theory holds that ammonia intoxication is the root cause of the pH-sensitive microemulsion-based gels for removal of colonic ammonia: A novel preventative oral preparation for hepatic encephalopathy in rats CHUN-LE ZHANG 1, 5 , ZHI-JUN DUAN 1 symptoms, and a number of studies have demonstrated that the function of the cranial nerve is improved by the removal of intestinal ammonia (3) (4) (5) . Ethological manifestations, electroencephalography (EEG), blood ammonia, intestinal ammonia, levels of alanine aminotransferase (ALT) and total bilirubin (TBIL) and liver pathology have each been used as previous indicators of HE in rat models and humans (6) (7) (8) .
Effective treatment options for HE include reducing the bacterial production of ammonia and enhancing its elimination, inhibiting the growth of intestinal bacteria, regulating the amino acid metabolism and protecting brain function. Commonly used methods to counteract HE may be divided into several types according to treatment access: Administration via the oral, rectal or intravenous routes; artificial liver transplantation; and full liver transplantation (9) (10) (11) (12) (13) . Oral drugs mainly act by reducing the production and absorption of ammonia. Drugs including lactulose, lactitol and kactitok operate by this mechanism (14, 15) . These drugs pass through the small intestine without being absorbed or hydrolyzed and thus reduce the intestinal burden of ammonia by interacting with colonic bacteria to acidify the intestinal tract. This acidification increases the number of protein-synthesizing bacteria and reduces the number of protein-degrading bacteria (16, 17) . These treatments, however, also have unpleasant side effects that include diarrhea and flatulence (18) . Alternative medications, fradiomycin and rifaximin, decrease ammonia production by inhibiting bacterial RNA synthesis, thereby reducing intestinal ammonia as well as nervous and mental symptoms (19, 20) . However, these treatments also have relatively serious renal and hepatic side effects.
Ammonia, considered to be the primary cause of HE symptoms, is principally produced in the colon by intestinal bacterial action from undigested protein and amino acids. A small amount of ammonia is generated by the diffusion of urea from the blood to the intestine, where it is hydrolyzed by bacterial urease, and an intestinal alkaline environment is conducive to the absorption of ammonia.
Microemulsions for the removal of colonic ammonia (ME-RCA) were prepared using a formulation containing Tween-80 (surfactant), ethylene glycol (cosurfactant), dimethyl silicone oil (external oil phase) and an ammonia absorbent with a solution of 30% acetic acid and 0.9% sodium chloride (internal phase). The principle was that acetic acid was used as the water phase for removing ammonia (an alkaline substance in accordance with the theory of acid-base balance). The surfactant and cosurfactant play a significant role in maintaining stability. Microemulsion has been widely used as a drug carrier from as early as the 1980s. Based on this observation, ammonia adsorbent acetic acid solution could be designed to be embedded in a microemulsion as an inner aqueous phase to establish ME-RCA (21) . Previous studies have demonstrated that ME-RCAs are effective in the removal of ammonia in artificial colonic fluids; however, these compounds are not stable in the mimetic gastrointestinal (GI) environment, indicating the likelihood of poor effectiveness in vivo (21) (22) (23) (24) . These ME-RCAs could be further pH-intelligentialized using macromolecular materials, including sodium alginate, to obtain pH-resistant MBG-RCAs suitable for oral administration.
MBG-RCA as a compound includes Tween-80, ethylene glycol, dimethyl silicone oil, acetic acid and sodium alginate.
The latter controls the release of drugs according to different pH values along the GI tract (25) (26) (27) . In the acidic environment of the stomach, the sodium alginate gel contracts, without release of the drug, whereas it swells in certain pH environments (pH range 7.4-10.4) (28, 29) in the colon (30, 31) . MBG-RCA reaches the colon following administration and swells to release ME-RCA. It absorbs intestinal ammonia through acid-base neutralization, and is then carried out of the body. Since the slightly acidic conditions of the colon, generally ranging from pH 5.5-7.0, are responsible for this instability, a pH-sensitive microemulsion-based gel has been proposed for the removal of colonic ammonia (MBG-RCA). Macromolecular materials, including sodium alginate, enclose and protect the original ME-RCA, making it particularly resilient to the varied pH levels encountered upon oral administration. Furthermore, these molecules have been previously used as carriers to release bioactive molecules to targeted areas of the body, and this delivery system has been used to release ME-RCA directly in the colon (21) . By adding a protective layer to existing microemulsion molecules, an increased resistance to pH may be achieved that increases the pharmacological usefulness of these materials in the treatment of HE.
Over the course of the present study, rat models of HE were induced and offered a high-protein diet, likely to stimulate ammonia in the colon. These models were simultaneously administered varying levels of MBG-RCA via the intragastric route through oral administration in order to observe the effect on ammonia levels in the blood and intestine. A decrease in these levels could indicate the potential for a future clinically relevant treatment capable of preventing and treating HE in rats and, in the future, even human subjects. The development of a novel, clinically applicable agent for the oral elimination of intestinal ammonia may revolutionize the treatment of HE.
Materials and methods
Animal care. The experimental protocols were approved by the Animal Care and Use Committee of Dalian Medical University (Dalian, Liaoning, China) in accordance with guidelines established by the Canadian Council on Animal Care.
A total of 80 male Sprague Dawley rats (250-300 g, 10 weeks of age) were purchased from the Animal Care and Use Committee of Dalian Medical University. Rats were well developed and exhibited no health-related abnormalities or previous pathological conditions. Rats were subsequently divided into 20 A-type stainless steel cages with a sink and a manger. A maximum of five rats were housed in each cage and marked accordingly. Rats were fed common granular fodder containing protein (23%), fat (4.7%), sodium (0.24%) and tap water. The temperature was maintained at 17-24˚C, and rats were subjected to a day-night light cycle reflecting a normal circadian rhythm.
All animal testing was conducted in the laboratory of the College of Pharmacy of Dalian Medical University. The experimental protocols were approved by the Animal Care and Use Committee of Dalian Medical University in accordance with guidelines established by the Canadian Council on Animal Care.
Reagents. MBG-RCA was prepared using a formulation containing Tween-80 (surfactant), ethylene glycol (cosurfactant), dimethyl silicone oil (external oil phase), an ammonia absorbent with a solution of 30% acetic acid and 0.9% sodium chloride (internal phase) and sodium alginate by the Membrane Science and Technology Center at the Dalian University of Technology (21) . Lactulose was produced by the Dandong Rehabilitation Pharmaceutical Co. Ltd. (production lot H10890057; Dandong, Liaoning, China) at a concentration of 5%. Thioacetamide (TAA) was produced by Shanghai Chemical Reagent Company (production lot 920419; Shanghai, China). ALT and TBIL reagent kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China). All materials used were of the highest reagent grade, AR.
Animal model grouping. The eighty rats were divided at random into eight groups of ten. The result was eight distinct groups, consisting of four control groups (normal, blank, lactulose and acetic acid), an HE group, and three MBG-RCA therapeutic groups by dosage (high, medium and low doses of 15, 10 and 5 ml/kg MBG-RCA, respectively). The normal control and blank control groups were fed a normal diet. Conversely, the HE group, acetic acid and lactulose control groups, and the therapeutic MBG-RCA groups were fed a high-protein diet (with 20% casein added to the normal diet). The rats in the HE group, acetic acid and lactulose control groups, and the MBG-RCA therapeutic groups were prepared as HE models according to the method proposed by Li et al (32) . In this method, HE rat models are induced by intraperitoneal injection of TAA (350 mg/kg·day) for three consecutive days.
Treatment administrations were conducted once a day over the course of four days. Two hours prior to model establishment, therapeutic MBG-RCA groups were administered 15 ml/kg (high), 10 ml/kg (medium) and 5 ml/kg (low) doses of MBG-RCA. The blank control group was administered equivalent blank microemulsion-based gels. The lactulose control group was administered an equal volume of lactulose (10 ml/kg). The normal control and HE groups were administered equal volumes of normal (0.9%) saline. Finally, the acetic acid control group was administered acetic acid solution (1.15%). All administrations were conducted using similar tools under similar conditions at a single laboratory setting.
Sample collection. After four days (four doses) rats were consecutively weighed and subsequently placed in an ether anesthesia induction box for ~3 min in order to induce anesthesia. Rats were removed after full anesthesia had been induced, and 1 ml of blood was drawn from the angular vein of each subject. Simultaneously, abdominal skin was disinfected and the abdominal cavity was opened to expose the inferior vena cava (IVC). Blood (1.5 ml) was drawn from the IVC using a 5-ml syringe. The syringe needle was sealed after drawing blood to prevent ammonia leakage. The sample was immediately placed in a vacuum vessel containing ethylenediamine tetra-acetic acid and centrifuged at 999 x g for 5 min at 10-15˚C. The mesentery was separated and the cecum was resected following ligation of both ends, and the excised tissue was placed in a vessel filled with normal (0.9%) saline. The colonic wall was cut to release the contents and capped synchronously. The sample was stored at 4˚C overnight. Supernatant fluid was obtained following centrifugation at a time, temperature and speed consistent with those used for the blood sample.
Subsequently, rats were sacrificed and their livers were truncated for embedding in formalin (10%) and fixation with neutral balsam.
Liver function analyses. Blood samples were used to evaluate liver function using ALT and TBIL reagent kits (Nanjing Jiancheng Bioengineering Institute). The principle of detection was the enzyme-linked immunosorbent assay and the diazo method, and testing was conducted according to the instructions provided by the manufacturer.
Pathological sections of livers were observed with hematoxylin and eosin (H&E) staining. Resultant observations included the structure of hepatic cords and sinuses; shapes of liver cells; number, appearance and location of the cell nuclei; and infiltration of inflammatory cells, edema, necrosis or other abnormalities, if present.
Blood ammonia level analyses. Blood samples taken from the IVC were analyzed for ammonia content. Blood ammonia was detected using an Automatic Dry-type Biochemical Analyzer (Johnson & Johnson, New Brunswick, NJ, USA). The entire process was completed within 30 min of collection from the specimens and blood was stored in sealed vials to prevent ammonia leakage prior to testing.
Additionally, intestinal ammonia in the supernatant fluid collected from the excised cecum tissue was detected using the Automatic Dry-type Biochemical Analyzer. The data were corrected according to the weight of the excised tissue.
Measurement of ethological indicators.
The general condition of rats, including mental state, sleeping time (lethargic time) and mortality was observed using the Infrared Night Vision Surveillance System (Jinan dimensional Century Technology Co., Ltd., Jinan, Shandong, China), consisting of community monitoring by video capture cards embedded in cage-mounted digital devices (Guangzhou Ao Qiman Electronic Technology Co., Ltd., Guangzhou, Guangdong, China). Food intake and sleep duration were determined using electronic scales and observational methods, respectively, and recorded once daily. Initial and final rat body weights were noted on the first and fourth day using electronic scales. The grading score of HE was analyzed according to the standards by Zimmerman et al (33) . In brief, the gradings were as follows: Level 0, normal; Level I, drowsiness, slow responses, reduced locomotor activity and normal reflexes; Level II, ataxia but with normal reflexes; Level III, gradual disappearance of reflexes; and Level IV, lack of corneal reflex/unconsciousness.
Electroencephalographic analyses. On the fourth day, prior to sample collection, rat subjects were anesthetized using pelltobarbitalum natricum (50 mg/kg) and fixed on a stereotaxic instrument ~30 min afterwards. The rats were awake for all subsequent tests. EEG was applied to all rats using the Biological Function of Experimental System (model BL-420F; Chengdu Taimeng Technology Co., Ltd., Chengdu, China). EEG was traced for 10 min with a time constant of 0.3 and a high-frequency filter setting of 100 Hz. Frequency and amplitude were indicated in the EEG, and α waves were primarily on top of the brains of normal rats (frequency, 8-13 times/sec; voltage, 50-100 µV). Mild EEG abnormalities were displayed as low-rhythm α waves mingled with θ waves (frequency primarily at 8-11 times/sec, voltage at 150-250 µV). Severe EEG abnormalities were revealed as extensive wide and deep δ waves (frequency, 5-7 times/sec; voltage 160-280 µV). All rats were awake for ~4-6 h.
Statistical analyses. Data analyses were conducted using SPSS 11.5 software (Chicago, IL, USA). Measurement data are presented as the mean ± standard deviation, matching normal distribution. One-factor analysis of variance was used for group comparison whereas least square difference testing was applied for pairwise comparisons. The rank-sum test was used to assess ranked data. Rank correlation was used for correlation analyses. The χ 2 test was used for comparison of enumeration data. P<0.05 was considered to indicate a statistically significant difference.
Results
Qualitative condition of subjects. Compared with the normal control group, no abnormality was observed in the blank control group. Rats in the HE group, however, exhibited visual signs of depressed activity levels, a hunched or irregular stature, and jittery or inconsistent movement patterns. Additionally, these subjects exhibited a visually apparent decreased desire for foraging, and two subjects developed hemorrhagia nasalis. Therapeutic groups, as well as the acetic acid and lactulose control groups, exhibited reduced or milder manifestations of the above symptoms, generally concurrent with the increasing dosage of MBG-RCA in the therapeutic groups.
Control group results. No significant differences between the normal control group and blank control group were observed in terms of food intake, sleep duration, weight change, HE grading score, ALT and TBIL levels, blood ammonia levels or intestinal ammonia levels (P>0.05). Furthermore, there were no mortalities in the normal or blank control groups (100% survival). The EEG of the normal and blank control groups showed no abnormality and presented mainly as α waves (frequency, 8-13 times/sec; voltage, 50-100 µV). H&E staining in the excised hepatic tissue of the normal and blank control groups revealed no obvious abnormalities.
Food intake. The food intake amount in each therapeutic group and the lactulose and acetic acid control groups exhibited recovery compared with the HE group. The HE group food intake was observed to be 51±18 g/kg·day. The high-, mediumand low-dose MBG-RCA therapeutic groups exhibited a greatly increased observed food intake of 92±15 (P= 0.000), 92±16 (P=0.000) and 77±20 g/kg·day (P=0.018), respectively. The lactulose and acetic acid control groups demonstrated a moderate food intake of 75±23 (P=0.024) and 72±20 g/kg·day (P=0.022), respectively. Food intake amounts in the high-dose MBG-RCA group were significantly higher than those in the lactulose and acetic acid control groups by 122 and 129%, respectively. Compared with the medium-dose MBG-RCA group, food intake in the acetic acid and lactulose control groups was significantly lower, by 78 and 82%, respectively. No significant differences, however, were noted among the acetic acid and lactulose control groups and low-dose MBG-RCA groups (Table I) . Statistically, no clear correlation was observed between the food intake and dosage of MBG-RCA; however, the level of food intake was similarly elevated in the mediumand high-dosage therapeutic groups (Fig. 1) .
Sleep duration. In comparison with the HE sleep duration of 20±2 h/24 h, the therapeutic groups were observed to have decreased sleep durations of 12±4.0 (P= 0.001), 13±3 (P= 0.001) and 16±4 h/24 h (P= 0.006) in the high, medium and low MBG-RCA dosage groups, respectively. The lactulose and acetic acid control groups exhibited sleep durations of 16±5 (P=0.030) and 17±5 h/24 h (P=0.037), respectively. The sleep duration in the high-dose MBG-RCA group was significantly shorter than that observed in the lactulose and acetic acid control groups, by 74 and 73%, respectively. Conversely, when compared with the medium-dose MBG-RCA group, the lactulose and acetic acid control group demonstrated increased sleep durations, by 130 and 132%, respectively. No significant differences, however, were noted among the acetic acid and lactulose control groups and the low-dose MBG-RCA group. The observed sleep duration in high-and medium-dose MBG-RCA groups was shorter than that observed in the low-dose MBG-RCA group by 75 and 78%, respectively. These results indicate a negative correlation between sleep duration and increasing dosages of MBG-RCA (Table I and Fig. 1 ).
Weight changes. Rats in the HE group exhibited a weight change of 37±8 g. The high-, medium-and low-dosage MBG-RCA groups exhibited weight changes of 14±4 (P= 0.000), 15±5 (P=0.000) and 37±8 g (P=0.001), respectively. The lactulose and acetic acid control groups exhibited weight changes of 22±4 (P= 0.001) and 21±2 g (P= 0.001), respectively. The weight decrease in the high-dose MBG-RCA group was significantly lower than that observed in the lactulose and acetic acid control groups, by 65 and 67%, respectively. Compared with the medium-dose MBG-RCA group, the lactulose and acetic acid control groups demonstrated decreased weight changes of 70 and 71%, respectively. No significant differences among the acetic acid and lactulose control groups and the low-dose MBG-RCA group were observed. Weight decreases in the high-and medium-dose MBG-RCA groups were significantly lower than that observed in the low-dose MBG-RCA group, by 38 and 41%, respectively. Accordingly, the results indicate a negative correlation between the decreasing change in weight and the increasing dosage of MBG-RCA (Table I and Fig. 1) .
HE grading score. Rats in each therapeutic group demonstrated higher HE grading scores compared with the HE group score of 2.7±0.9, demonstrating high, medium and low HE grading scores of 1.1±0.3 (P= 0.001), 1.2±0.4 (P= 0.004) and 1.8±0.8 (P= 0.188), respectively. The lactulose and acetic acid control groups exhibited HE grading scores of 1.9±0.7 (P= 0.000) and 2.0±0.8 (P= 0.225), respectively. The HE grading score in the high-dose MBG-RCA group was significantly higher than those observed in the lactulose and acetic acid control groups by 58 and 55%, respectively. Compared with the medium-dose MBG-RCA group, the lactulose and acetic acid control groups demonstrated increased HE scores by 70 and 74%, respectively. No significant differences among the acetic acid and lactulose control groups and the low-dose MBG-RCA group were noted. Furthermore, the HE grading scores in the high-and medium-dose MBG-RCA groups, as well as in the medium-and low-dose MBG-RCA groups, revealed no significant differences. HE grading scores of the high-dose MBG-RCA group were lower than those of the low-dose MBG-RCA group by 61%. Thus, the results suggest a negative correlation between weight decrease and dosage of MBG-RCA (Table I and Fig. 1 ).
Mortality. The prevalence of mortality in the HE group and in the rats receiving therapeutic high, medium and low doses of MBG-RCA was 50, 20, 20 and 40%, respectively. The lactulose and acetic acid control group treatments exhibited mortality rates of 30 and 40%, respectively. Rats in the highand medium-dose MBG-RCA groups as well as those in the lactulose control group revealed a statistically significant lower mortality than those in the HE group, although the low-dose MBG-RCA and acetic acid control groups exhibited no significant difference from the HE group. The mortality of each group is shown in Fig. 2 .
EEG. EEGs of the HE group were notably abnormal, revealing extensive wide and deep δ waves (frequency, 5-7 times/sec; voltage, 160-280 µV). Medium-and high-dose MBG-RCA groups revealed low-to-moderate EEG abnormalities characterized by a mixture of low-rhythm α waves and θ waves (frequency mainly at 8-11 times/sec; voltage, 150-250 µV). In the acetic acid and lactulose control groups, as well as the low-dose MBG-RCA group, EEGs were observed to be moderately abnormal, presenting abnormal θ waves (frequency, 7-9 times/sec; voltage, 130-200 µV) as shown in Fig. 3 .
Blood ammonia level. Rats receiving therapeutic treatments exhibited reduced blood ammonia levels compared with the HE group, which had a blood ammonia level of 286±27 µmol/l. The high-, medium-and low-dose MBG-RCA groups exhibited blood ammonia levels of 199±42 (P=0.000), 209±28 (P= 0.001) and 243±37 µmol/l (P=0.054), respectively. The lactulose and acetic acid control groups exhibited blood ammonia levels of 246±33 (P= 0.027) and 252±28 µmol/l (P= 0.155), respectively. Blood ammonia in the high-dose MBG-RCA group was significantly lower than that observed in the lactulose and acetic acid control groups, by 81 and 80%, respectively. Compared with the medium-dose MBG-RCA group, the lactulose and acetic acid control groups exhibited increasing levels of blood ammonia by 118 and 121%, respectively. No significant differences among the acetic acid and lactulose control groups and the low-dose MBG-RCA group were observed. Table I shows the blood ammonia levels in each group. The blood ammonia levels observed in the high-and medium-dose MBG-RCA groups were significantly lower than that observed in the low-dose MBG-RCA group, indicating a negative correlation between the blood ammonia and the increasing dose of MBG-RCA (Fig. 4) .
Intestinal ammonia level. Rats in the therapeutic treatment groups were observed to have lower levels of intestinal ammonia compared with the HE group, with a level of 410±56 µmol/l. The high-, medium-and low-dose MBG-RCA groups exhibited levels of 251±69 (P=0.001), 270±88 (P=0.003) and 317±47 µmol/l (P= 0.013), respectively. The lactulose and acetic acid control groups exhibited levels of 336±72 (P= 0.11) and 246±70 µmol/l (P=0.051), respectively. Intestinal ammonia in the high-dose MBG-RCA group was observed to be significantly lower than in the lactulose and acetic acid control groups, by 75 and 102%, respectively. Compared with the medium-dose MBG-RCA group, the lactulose and acetic acid control groups demonstrated higher amounts by 124 and 91%, respectively. No significant differences among the acetic acid and lactulose control groups and the low-dose MBG-RCA group were observed. Table I shows details of the intestinal ammonia levels in each group. The correlation between blood ammonia and the administered dose of MBG-RCA was negative (Fig. 4) .
ALT and TBIL levels. Rats in the therapeutic treatment groups exhibited lower ALT levels compared with the HE group, with an ALT level of 252±22 U/l and a TBIL level of 55±12 µmol/l. The high-, medium-and low-dose MBG-RCA groups exhibited ALT levels of 196±24 (P= 0.001), 202±22 (P= 0.002) and 219±23 U/l (P= 0.01), respectively, and TBIL levels of 36±6 (P= 0.002), 38±5 (P= 0.002) and 45±10 µmol/l (P=0.138), respectively. Lactulose and acetic acid control groups exhibited ALT levels of 222±20 (P= 0.038) and 226±18 U/l (P= 0.045), respectively, and TBIL levels of 46±5 (P= 0.041) and 48±10 µmol/l (P=0.325), respectively. The ALT and TBIL levels in the high-dose MBG-RCA group were significantly lower than those in the lactulose and acetic acid control groups, by 88 and 87% for ALT and by 80 and 77% for TBIL, respectively. Compared with the medium-dose MBG-RCA group ALT and TBIL levels, the lactulose and acetic acid control groups demonstrated elevated levels, by 110 and 112% for ALT and by 121 and 126% for TBIL, respectively. No significant differences were observed among the acetic acid and lactulose control groups and the low-dose MBG-RCA groups in ALT or TBIL levels. Finally, ALT and TBIL levels in the high-and medium-dose MBG-RCA groups as well as in the mediumand low-dose MBG-RCA groups demonstrated no significant differences. Conversely, the high-dose MBG-RCA group demonstrated lower levels than the low-dose MBG-RCA group for both ALT and TBIL, as shown in Fig. 4 . The correlation between the ALT and TBIL levels and the increasing dosage of MBG-RCA was determined to be negative based on these findings (Table I and Fig. 4) .
Liver pathology. The structure of the excised hepatic tissue examined with H&E staining exhibited unclear results in the HE group, with a characteristic disordered architecture of the hepatic lobule containing edema and ballooning degeneration. Necrosis coupled with the presence of infiltrating inflammation cells was extensively observed. The portal area was notably infiltrated by inflammatory cells, and the liver sinusoids were extended and congested. The acetic acid and lactulose control groups, as well as the therapeutic groups, exhibited varying levels of the pathological changes described above (Fig. 5) .
Discussion
Rat models provide a viable point of reference for the in vivo treatment of HE by administration of oral medications, including the pH-sensitive microemulsion gel proposed in this study. Rat models of type A HE, as modeled in the current study, were induced by intraperitoneal injection of TAA, a method known for its outstanding repeatability, shorter completion time and higher success rate compared with other established methods of HE treatment. Furthermore, the model has been widely accepted internationally due to its similarity with human liver damage (34, 35) . Thus, this study provides an initial step in the development of a novel and clinically viable treatment and prevention of HE in humans. MBG-RCA molecules are designed to survive the pH variation of normal oral administration without releasing their ammonia-reducing contents until reaching the specific pH levels found in the colon. In order to exclude the possibility of the influence of the microemulsion molecules on rats directly, the normal control group was compared with the blank control group. The treatment effect of MBG-RCA on removing colonic ammonia was further verified by establishing therapeutic controls, including acetic acid (enteroclysis for acidifying the colonic tract) and lactulose (commonly used to reduce colonic ammonia). Furthermore, high, medium and low doses of MBG-RCA were applied to observe the dose correlation.
In the present study, MBG-RCA was shown to reduce blood ammonia by removing intestinal ammonia directly from the colon, its primary center of production. The results of ammonia removal included significant improvements in sleep duration (including stupor), neural reflex, EEG, food intake, weight and mortality in HE model rats. High-and medium-level dosages of MBG-RCA demonstrated superior results to treatment with either acetic acid, lactulose or low dosages of MBG-RCA, indicating a positive correlation of symptom cessation with increasing dosage of MBG-RCA. Notably, high and medium MBG-RCA dosages were shown to be more effective than the lactulose treatments commonly used in clinical settings. These treatments also have the benefit of being able to directly remove intestinal ammonia without the involvement of colonic bacteria or enzymes, producing fewer restrictions compared with contemporary lactulose treatments.
Acetic acid may also be influenced by the pH of the GI tract, and may thus be neutralized, diluted or consumed prior to reaching the colon. This effect is likely responsible for the few documented accounts of oral administration of acetic acid for therapeutic purposes (36) . The current study, however, indicates that direct oral intake of acetic acid may serve to reduce blood and intestinal levels of ammonia when dosages are sufficient to overcome the ability of the GI tract to neutralize the compound, thus reducing acute liver failure and HE symptoms. The remaining acetic acid that reaches the colon may be enough to acidify the colonic tract, removing ammonia from the body as ammonium ions. However, mortality in the acetic acid control group was relatively high in the present study, with abnormalities including edema common in hepatic cells. These findings are concurrent with studies suggesting the use of acetic acid solution as a coloclyster to treat HE by acidifying the colonic tract (37) . This method, however, is not suitable for preventing HE as it is relatively complex and requires significant patient cooperation during an uncomfortable treatment.
In rat models, food intake and sleep were influenced by MBG-RCA administration, indicating that this treatment is likely to improve the quality of life by increasing food intake and reducing sleep duration. Subjects administered MBG-RCA demonstrated similar mortality rates to those treated with lactulose, and both rates were significantly lower than those observed with low-dose MBG-RCA and acetic acid treatments as well as those observed among the untreated (HE group) subjects. While these results are encouraging, a larger sample size is required to further study the effectiveness and optimal dosage of MBG-RCA treatment. MBG-RCA treatment was shown to produce notably reduced levels of ALT and TBIL, superior to lactulose treatment.
Whether MBG-RCA ameliorates pathological findings remains unknown. As lactulose combined with antibiotic administration has often been suggested to improve liver performance, it is possible that combined treatment may also demonstrate positive effects with microemulsions (38) (39) (40) . Other drugs that improve the metabolism and increase survival rates by reducing toxin absorption, thus protecting the brain and liver tissues, may also be beneficial when administered together with MBG-RCA (41, 42) . The optimal mechanism and administration technique for MBG-RCA to enhance liver function requires further study; however, it is likely that the removal of intestinal ammonia is only one aspect of MBG-RCA's potential benefits in HE treatment.
While several indirect methods exist, the majority with significant side effects, no method of directly decreasing the intestinal level of ammonia by oral medication has been developed. The MBG-RCA designed in this experiment is the first to remove intestinal ammonia without the involvement of colonic bacteria or enzymes, reducing side effects and discomfort during treatment. It has the advantages of higher clearance, stability of the GI tract and elimination of ammonia from the body without producing harmful metabolic byproducts.
The MBG-RCA designed in the current study has demonstrated excellent potential for in vivo treatment of HE by direct ammonia reduction; however, numerous questions remain unanswered with regard to the mechanism, action and molecular structure. These issues include optimal surfactant/co-surfactant determination and proportioning, prevention of adverse reactions, and methods to reduce acid wastage during GI transport upon oral administration. Although no enzymes along the course of the GI tract have been determined to influence this molecule, it is yet to be ascertained whether the molecule has an effect on digestive enzyme molecules as it travels through the body. These observations may play a significant role in assessing drug interactions, improving compound stability and reducing side effects. Additional pharmacological research is required to determine the optimal formula for maximal removal of intestinal ammonia with minimal side effects. Although MBG-RCA remains experimental, its novel characteristics merit future investigation as a potential clinical alternative for removal of ammonia in humans.
